When endotoxins are given intravenously the granulocytes leave the active stream of the circulation and congregate chiefly in the capillaries of the lung, spleen and liver. The same phenomenon can be expected to occur in hemorrhagic shock because experimental evidence suggests that the loss of the antibacterial defenses in shock results in the development of an endotoxemia (1). This paper presents the results of a comparative study of the circulating granulocytes in hemorrhagic shock and in endotoxemia, including data concerning the possible mechanisms involved.
t Holder of Traveling Fellowship from the Leeds General Infirmary, Leeds, England. was observed in four groups of four or more rabbits each. The purpose of this range of dosage was to observe the severity and duration of the granulocytopenia in response to a very light and a very severe injury.
II. Effect of tolerance to endotoxin. Tolerance was induced in normal rabbits by a daily intravenous injection of 0.07 MLD per 100 for seven successive days. Tolerance signifies an enhanced capacity to detoxify endotoxin. If the flight of the granulocytes is a direct effect of unneutralized endotoxin one might expect the granulocyte count to drop less severely or not at all in the tolerant animal; and if a drop occurs, that return to a normal count should occur more rapidly than in the nontolerant animal. Counts were also made each day before and after injection of the endotoxin in order to observe any change in response as tolerance develops.
III. Effect of hemorrhagic shock. Transfusion for shock of one and one-half hours' duration usually results in recovery (reversible shock). Transfusion for shock of four to six hours' duration is usually futile and death follows (irreversible shock). If the thesis is correct that irreversibility is due to the accumulation of a lethal dose of toxin, the curve of the granulocyte count for reversible and irreversible shock might resemble the respective curves for a sublethal and a lethal dose of toxin. Accordingly, hemorrhagic shock was produced and counts were taken before inducing shock, and at intervals before and after transfusion for shock of one and one-half hours' duration, and for shock of six hours' duration.
IV. Effect of plasma from irreversibly shocked rabbits in normal recipients. If shock plasma contains endotoxin, the granulocyte response in a normal recipient of such plasma (10 to 12 ml.) should resemble that in response to injected endotoxin. The extent and duration of the granulocytopenia might be a rough measure of the amount and toxicity of the endotoxin in the shock plasma.
The plasma was obtained as follows: Rabbits in hemorrhagic shock produced by the technique described (2) were transfused with all of their own shed blood after six hours, and when the resulting pressor response failed the rabbit was exsanguinated. The heparanized blood collected in sterile containers was promptly centrifuged, the plasma tested at once, or stored immediately thereafter in sterile containers at 40 C., and tested later. (Storage at this temperature for days or weeks does not reduce the initial toxicity of such plasma.)
V. Effect of hemorrhagic shock pretreated with nonabsorbable antibiotics. As already reported, such pre-treatment prevents the plasma of the animal in shock from becoming toxic to a vulnerable recipient (1) . The granulocyte response to such plasma should differ from the response to plasma from shocked animals not given antibiotics because of the presumed absence of endotoxin, and should reveal any effect of the shock process on the granulocyte count which is not due to endotoxin.
The antibiotics used were Bacitracin® (100,000 units) and polymyxin (100 mg.) given to rabbits in water by gavage daily for five successive days. At this time stool cultures were free of all flora except small numbers of B. Proteus and Pseudomonas. Several hours after the fifth dose hemorrhagic shock was induced and continued for six hours, after which the animal was transfused with its own shed blood.
VI. Effect of epinephrine. Immediate and severe vasoconstriction is produced by hemorrhagic shock or by endotoxin. Since there is reason to believe that endotoxin in the normal and shocked animal exerts its adverse effects on the peripheral vessels via epinephrine (3), the role of epinephrine in the granulocyte response was studied in two ways: 1) by observing the effect of an intravenous injection of epinephrine (in normal rabbits 0.1 ml. of 1: 100,000 dilution and in normal dogs, 0.8 ml. 2.524-2.740 334-550 Since the calculations were done on the log counts the standard error of a mean can be stated precisely only in terms of logs. For presentation in terms of cell counts, "approximate standard errors" were computed in two ways: a) From the antilogarithm of the standard error (1.284) as shown above, the per cent standard error is approximately 100(1.284 -1) = 28 per cent (see Table III , A) (4). b) In terms of cell counts themselves the "approximate standard error" of any mean in this experiment is 28 per cent of this mean. Therefore, at the onset the approximate standard error is (0.28) (5,321) = 1,490 cells and at one hour it is (0.28) (429) = 120 cells.
Each experiment consisted of repeated observations made on each of several animals. The experimental results, therefore, were considered not by comparing absolute counts, but by noting the logarithm of the per cent change as shown in the tables. To test the difference between the values at one hour, say, in two separate experiments, therefore, the following procedure was adopted:
Rabbits' granulocytes Table III, A  Rabbits' granulocytes Table III rough inverse proportion to the dose. In survi-pears within an hour or two. Following large vors an overshoot occurs in all instances within doses there may be a lymphocytopenia by the third 24 hours, and often within six to eight hours after or fourth hour. small doses.
In concurrent experiments on the rabbit, to be The fall in the total count is due largely to the reported, the granulocytes leaving the circulation, fall in the granulocytes. With all doses there is a as already noted by others (5, 6), were seen contransient absolute lymphocytosis, which disap-gregating chiefly in the capillaries of the lung, liver and spleen. With the return of the total and without a fall in the total or granulocyte count. and granulocyte count toward normal, many of Larger doses were not tried. the circulating granulocytes in stained smears were Comment. Thus it appears that in rabbits, young forms, and there was a noteworthy concur-many, if not all, the granulocytes which leave the rent rise in the number of normoblasts. Hence axial stream are rendered functionless permanew cells from the bone marrow replaced the nently, presumably as a result of injury by the insegregated cells, many of which were still in situ jected endotoxin. Failure of recovery of a nor-24 hours later, undergoing lysis, or ingestion by mal count when the dose of endotoxin is lethal macrophages.
may mean suppression of bone marrow function Dogs withstood 10 rabbit MLD's per 100 of by the endotoxin, or damage by circulating endothe Difco endotoxin without noticeable effect, toxin to young granulocytes, and resultant segre- ate drop in the total and granulocyte count before it is transfused. This drop is probably accounted for by the fact that the granulocytopenia is present before most of this blood has left the circulation. Even if the transfused leukocytes, which are functionally intact by in vitro test (7), remain in the axial stream, they do not increase the count. Comment. Rabbits tolerant to endotoxin are also tolerant to hemorrhagic shock, and when exposed to hemorrhagic shock their plasma does not develop a factor toxic to a vulnerable recipient (7) . If endotoxins are the chief cause of granulocytopenia in hemorrhagic shock, one would expect the granulocytes in tolerant rabbits in shock to behave as they do when given endotoxin (cf. Experiment 2) . Table III , C shows that this expectation was confirmed, i.e., the granulocytopenia is relatively less severe in animals tolerant to hemorrhagic shock than in those not tolerant. By the end of the second hour return toward normal is already in evidence, and is near normal when shock is terminated by transfusion at six hours (7). B. In dogs. The general trend is the same in dogs as in rabbits, but it is far less marked in the dog (Tables III, A and B) .
Comment. If leukopenia is caused by endotoxin in the dog as well as in the rabbit, the lesser response in the dog may reflect a more efficient bone marrow response, a less vulnerable granulocyte, or a lesser amount of circulating endotoxin. The latter seems unlikely if the gross pathology of the shock (especially the hemorrhagic necrosis of the intestinal mucosa) is an index of the severity of the endotoxemia.
Experiment 4-Effect of toxic plasma from irreversibly shocked rabbits injected into normal recipients Normal plasma did not produce a fall in the total or granulocyte count.
The response to a single dose of toxic plasma is like that to a small dose of endotoxin (Table  IV) . In no instance did the low granulocyte count last longer than four hours.
Daily doses of toxic plasma given for seven successive days produced the same initial fall in the granulocyte count, but by the fifth day, as with repeated daily doses of endotoxin, the count returned to normal more rapidly than in nontolerant rabbits. The more rapid return to normal in rabbits tolerant to toxic plasma suggests a more rapid removal of endotoxin from injected plasma.
Experiment S-Effect of hemorrhagic shock pretreated zwith nonabsorbable antibiotics
The initial fall in the total and granulocyte count is no less severe in these than in untreated rabbits (cf . Table III ), but the counts begin a return to normal in two hours. Since the initial fall is in excess of what would appear to be caused by epinephrine alone (see below), one suspects that the blood is not free of endotoxin in these protected animals. From evidence to be published elsewhere there is reason to believe that shortly after giving antibiotics there is a rapid rise in the amount of endotoxin entering the circulation, and, therefore, that the protective effect of antibiotics given daily for several days may be owing to induced tolerance rather than to the prevention of endotoxemia. If this is the case, the severe granulocytopenia in these experiments may be analogous to the granulocyte response in endotoxin-tolerant rabbits as shown in Table II. Experiment 6-Effect of epinephrine and of norepinephrine A. In the rabbit (Table VI) . The dose employed (0.1 ml. of 1:10,000), or a larger dose, produces a granulocytopenia that is less severe and more transient than that resulting from a very small dose of endotoxin. Thus one may conclude that the granulocytopenic curve in hemorrhagic shock reflects the action of epinephrine as well as endotoxin. B. In the dog. In the dog the dose employed (0.8 ml. 1: 1000) produced no change until after the transient period of hypertension, when the response was quite like that in the rabbit; but recovery was a little more rapid than in the rabbit (Table VI) .
Norepinephrine had no effect on the granulocyte response.
C. Effect of pretreatment with dibenamine (rabbit). This drug given in a dose of 20 mg. per Kg. produces maximal adrenergic blockade within 25 minutes. In the normal animal it produces no immediate effect on the count, but a leukocytosis appears after 24 hours.
Epinephrine given three hours after dibenamine failed to evoke a granulocytopenia. But endotoxin in both sublethal (0.0004 MLD per 100) and lethal (1.2 MLD per 100) doses produced the same changes as in the non-dibenaminized rabbit. Whereas two of five rabbits receiving the lethal dose survived, there were no survivors among the non-dibenaminized rabbits receiving this dose. The two survivors showed a marked leukocytosis after 24 hours.
In hemorrhagic shock dibenamine did not prevent a profound and persistent granulocytopenia in four rabbits, but three showed no granulocytopenia and two showed a very transient granulocytopenia (30 minutes).
DISCUSSION
The flight of granulocytes from the circulating blood of the rabbit in response to the intravenous injection of endotoxin has been previously described by others, notably Delauney and associates (5) and Bennett Braude and co-workers (10, 11) endotoxin attaches to the granulocytes, which then move to the liver and lungs, and so acts to transport endotoxin to the R.E. system. We have observed the deposition of the leukocytes in the capillaries of the liver, lung and spleen almost immediately after inducing shock or injecting toxin. Many of them can be seen in situ 24 hours later in process of disintegration or phagocytosis by macrophages. These cells are functionally damaged because they do not move to a site of challenge (e.g., to bacteria injected into the lung or liver just prior to the flight of the granulocytes 2). From in vitro observations we know that endotoxin or shock plasma produces a severe though reversible morphologic injury, which may make the cell more readily available for ingestion by the R.E. cells; but in addition, the granulocytes exhibit a severe depression of their phagocytic and bacteriostatic capacity (6) . These observations indicate that the flight of these cells is not a protective phenomenon, unless perchance the flight is an essential means for delivery of endotoxins to the R.E. system. The deposition of the granulocytes in the R.E. system, though probably achieved by an increase in the "stickiness" of the capillary walls, resembles the process of agglutination described by Wood and Smith in the response of circulating granulocytes to a local inflammatory stimulus (12) . But in the latter case the adherent cell manages to penetrate the capillary wall, reach the site of challenge, and continue to function. Meanwhile there is no dearth of circulating cells to serve the defense needs of other areas. In shock, on the other hand, all other areas are less well defended by virtue of the low circulating count, and the inability of the bone marrow to supply the deficit. In human shock leukopenia or leukocytosis has been observed (13) . Presumably this depends on the state of bone marrow activity preceding the onset of the shock state, and the sensitivity of this system to depression by circulating toxins. In the rabbit this sensitivity is high, in the dog it is less, and in man the observations are too few to provide a definite picture.
SUMMARY AND CONCLUSIONS
The circulating granulocytes respond to the intravenous injection of endotoxin or to hemor-rhagic shock by an almost immediate flight into the capillaries of the lung, liver and spleen, where they appear to remain and eventually undergo autolysis or phagocytosis by macrophages. The epinephrine response to shock or to endotoxin also produces a flight of the granulocytes. But because the flight due to epinephrine alone is much less severe and more transient, it cannot wholly account for the phenomenon. This is further demonstrated by the fact that dibenamine does not block the flight induced by endotoxins. But because dibenamine frequently minimizes or prevents the extreme granulocytopenic response to hemorrhagic shock, its protective effect may lie not only in its anti-epinephrine effect, but also in the preservation of the detoxifying potential of the tissues by virtue of the better blood flow which this drug effects in hemorrhagic shock. The altered granulocytopenic response to endotoxin in animals tolerant to endotoxin and to hemorrhagic shock is attributable to the very rapid detoxification of endotoxin in such animals.
